Large regions of human DNA can be cloned and mapped in yeast artificial chromosomes (YACs). Overlapping YAC clones can be used in order to reconstruct genomic segments in vivo by meiotic recombination. This is of Importance for reconstruction of a long gene or a gene complex. In this work we have taken advantage of yeast protoplast fusion to generate isosexual diploids followed by mitotic crossing-over, and show that it can be an alternative simple strategy for recombining YACs. Integrative transformation of one of the parent strains with the construct pRAN4 (containing the ADE2 gene) is used to disrupt the URA3 gene contained within the pYAC4 vector arm, providing the markers required for forcing fusion and detecting recombination. All steps can be carried out within the commonly used AB1380 host strain without the requirement for micromanipulation. The method was applied to YAC clones from the human MHC and resulted in the reconstruction of a 650 kb long single clone containing 18 known genes from the MHC class II region.
INTRODUCTION
The cloning of large (> 100kb) DNA fragments in YACs enables a structural analysis by using a variety of techniques (1) . The YACs can be characterised by conventional restriction mapping, fragmentation following homologous recombination at repeat sequences (2) and recombination between two YACs at overlapping regions (3, 4) . In addition, it has been shown that YAC clones containing human DNA can be successfully transferred into mammalian cells, leading to the expression of the genes contained in the YAC (5) . The YAC fragmentation and recombination techniques enable the manipulation of the clones in order to facilitate a detailed functional analysis of large DNA segments following transfer into mammalian cells.
To date YACs have been recombined only in the meiotic phase, which is 100-to 1000-fold more frequent than spontaneous mitotic recombination. However, it is possible to induce mitotic recombination up to meiotic levels by using agents like ultraviolet light (6) . If suitable markers are used the reciprocal products of crossing-over can be identified with relative ease (7) thereby avoiding the requirement for micromanipulation. Protocols utilising the sexual cycle for recombining YACs require the appropriate clones to be carried within host strains of opposite mating types. In general this requires transfer of one of the YAC clones to an alternative host either by DNA isolation and retransformation, or by sexual crossing. However, when meiosis is not required for recombination, isosexual diploids produced by protoplast fusion can be utilised, avoiding the necessity for laborious YAC transfer protocols.
The system developed here involves fusion of two overlapping YAC clones, one of which is modified with the pRAN4 construct which contains the ADE2 gene and disrupts the URA3 gene contained in pYAC4 (Markie et al. 1992, manuscript in preparation). Recombination was induced by using ultraviolet light and recombinant YAC clones were identified by colour selection.
We demonstrated mitotic recombination in YACs by using overlapping clones containing a large part of the human MHC class II region in order to construct a single clone containing at least 18 genes (8).
MATERIALS AND METHODS

Yeast strains and culture
All YACs were within the host AB1380. Minimal medium was SD (slightly modified from ref. 15) containing 1.7g/l yeast nitrogen base without amino acids and ammonium sulfate, 5.0g/l of ammonium sulfate, 20mg/l arginine, 20mg/l isoleucine, 20mg/l histidine, 60mg/l leucine, 20mg/l lysine, 20mg/l methionine, 50mg/l phenylalanine, 20mg/l valine, 20mg/l tyrosine per liter and 2% glucose. Where appropriate it was supplemented with 20mg/l adenine, 20mg/l uracil and 20mg/l tryptophan. Agar was added to 2% for solid medium. For plating transformation and fusion experiments bottom and top agar was as above but also contained 1M sorbitol.
YAC clones
Two YAC clones were used: 11.2 with a length of 450 kb containing the genes for RING3, DMA, DMB, RING4, RING12, RING9, RING10, RING11, DOB, DQA2, DQB2, DQB3, DQA1, DQB1 and DRB1 (9) and 4D1 with a length of 550 kb containing RING4, RING12, RING9, RING10, RING11, DOB, DQA2, DQB2, DQB3, DQA1, DQB1 and DRB1, DRB2, DRB3 and DRA (10) .
PFGE demonstrated the presence of a single Y AC with a length of 650kb in one isolate (r3/31/24) (not shown).
Restriction map analysis of the 650 kb recombinant YAC clone
The restriction sites of clone r3/31/24 were compared to the regional PFGE map and found to contain the correct length of NotI, Mlul, and Sail fragments as revealed by probing PFGE blots with RING6, RING4 and DRB probes. For example it contained the 100 kb NotI fragment with the RING6 and RING3 as 11.2 , the 10kb NotI fragment including the RING4 gene and the 190 kb and 35kb Mlul fragments containing DRB genes unique to 4D1 (Fig.5 and Fig.l) .
DISCUSSION
The human MHC is one of the best characterised regions of the human genome and contains at least 75 genes (8) . 20 genes map in the HLA-DNA to HLA-DRA interval of the MHC class II region. The function of some of these genes is not known, while others have related function. For example the RING4 and RING 11 genes are putative peptide transporters, while RING 10 and RING 12 are proteasome components which may generate peptides for antigen presentation (16, 17, 18) .
Functional assays of these regions by introduction of the cloned manipulated DNA into deletion mutants (19) can elucidate the role of multiple genes in antigen presentation. Towards this, the YAC clones have to be tailor made to cover either the entire deleted region or parts of it. We have used YAC recombination to construct YAC variants able to fulfil this task.
The method presented here, an alternative to meiotic recombination, is straightforward and is based on three simple steps. Firstly, modification of one of the YAC clones with pRAN4, secondly, PEG mediated fusion of the two clones and finally, UV induced recombination and colour selection. Another step involving the modification of the recombinant YAC clone followed by loss of the non recombinant YAC, may be desirable for some applications and has been demonstrated. The recombinant YAC clones indicate that mitotic recombination is precise, since three out independent clones contained products of the same size. The recombination had taken place exclusively over the regions of overlap between the two YACs. The restriction enzyme analysis of the recombinant clones revealed that the map agreed fully with the map derived from the original YAC clones and the genomic organisation (8). It is not yet clear what minimum length of overlap is required for succesful recombination and this will be the subject of future studies.
The use of the pRAN4 construct has the advantage that the retrofitted YACs can be introduced directly in mammalian cells by G418 selection (Markie et al. 1992) .
The UV treatment used in this protocol carries the risk of introducing point mutations into the YAC. The mutation rate may vary considerably depending on the yeast strain background and the sequences involved. Estimates based upon UV induced reversion with a similar dose in diploid repair proficient yeast at the cycl-9 and the cycl-131 alleles (approximately SxlO 3 revertants and approximately 2X10 2 revertants/10 8 survivors respectively) (20) suggests point mutation rates between 1 in 40-500 kb. Although it seems likely that most recombined YACs will sustain a number of point mutations during this procedure the possibility of functionally affecting a particular locus is significantly lower. However if the introduction of point mutations into a YAC is of concern the presence of spontaneous recombination at a level detectable by Southern hybridisation ( Fig.2;3;4) suggests that recombinants may be isolated without the use of UV.
The strain containing the recombinant YAC is a diploid and further recombination rounds will increase the ploidy status of the resulting clone. The overall simplicity of the method makes it generally applicable for the reconstruction of gene complexes or long genes out of 2-4 overlapping YAC clones. If further rounds of recombination are needed then it will be necessary to manipulate the mating type (21) in order to subsequently reduce the ploidy by sporulation.
